The effect that variation in activities of the enzymes alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) has on the flux from "C-ethanol to lipids was examined in third-instar larvae of Drosophila melanogaster and D. simulans.
Introduction
In recent years, there has been a growing interest in analyzing both theoretically and empirically the control of metabolic flux. Two major concepts have emerged throughout the years-namely the "metabolic control theory" as developed by Kacser, Heinrich, Rapoport and their co-workers (e.g., see Kacser and Porteous 1987) and the "biochemical systems theory" of Savageau (1979) . One way to integrate these concepts into modern theories of molecular evolution is to use genetic variants of particular enzymes in trying to relate flux to fitness (Middleton and Kacser 1983; Hart1 et al. 1985; Dykhuizen et al. 1987) .
Since Drosophila melanogaster lives in an environment that contains a moderate level of ethanol (McKechnie and Morgan 1982) , the ability to metabolize this alcohol is important to its growth and survival. In D. melanogaster larvae >90% of the ethanol is degraded by a pathway,initiated by alcohol dehydrogenase (ADH; E.C. 1.1.1.1.) (Geer et al. 1985; Heinstra et al. 1987) . Drosophila melanogaster and D. simulans possess different in vitro levels of ADH activities (Dickinson et al. 1984) . This originates from differences in both the ,&,* turnover number and in vivo ADH protein amounts (Dickinson et al. 1984; Heinstra et al. 1987, 19883) . Among the 255 residues present, three amino acid replacements-at positions 1, 82, and 192-underly the effect on the k,, (Bodmer and Ashburner 1984) .
The purpose of the present investigation is twofold. First, we wish to analyze whether ADH activity variation affects metabolic flux. Second, we wish to study the relative importance of the aldehyde dehydrogenase enzyme (ALDH; E.C. 1.2.1.3.) in 1. Key words: Drosophila, metabolic control, cyanamide, ethanol degradation, alcohol dehydrogenase, aldehyde dehydrogenase. its control of the flux from ethanol. Prefeeding larvae cyanamide has been shown to inhibit not only the ALDH activity but the ADH activity as well (Heinstra et al. 1989) . Our experiments were designed to determine the flux control coefficients for ADH and ALDH in the ethanol-to-lipid pathway in nutritionally manipulated Drosophila larvae.
Material and Methods
The two species of Drosophila that were employed in the present study were the Canton-S strain of D. melanogaster, which is homozygous for the AdhF allele, and a wild-type strain of D. simulans from Malaga, Spain (see Geer et al. 1985; Heinstra et al. 1987) . Larvae were grown axenically on defined synthetic media supplemented with either 1% or 0.3% (w/v) sucrose (Geer et al. 1983 ). Larvae were maintained on a 1% sucrose diet until 4 d posthatch and then were split into two groups. One group was fed a 0.3% sucrose medium supplemented with 125 PM cyanamide for 17 h; the other group was fed an unsupplemented 0.3% sucrose diet for the same period. Thereafter, both groups of larvae were administered a 0.3% sucrose diet supplemented with 1% (v/v) ethanol/7.7 PCi [ 1 ,2-'4C]ethanol for 24 h at 23°C.
For the enzyme analysis, 10 larvae were homogenized in 160 ~150 mM sodium phosphate buffer, containing 240 mM sucrose, 0.5 mM dithiothreitol, 0.1% bovine serum albumin, 0.001% (v/v) phenylthiourea, and 1% (v/v) Triton-X-100, final pH 7.4, at 4°C. These homogenates were allowed to stand for 15 min and then were centrifuged for 20 min at 15,000 g and 4°C. The supematant was used to measure the ADH and ALDH activities according to the method of Heinstra et al. (1989) . The soluble protein content of the supernatant was determined by the method of Bradford ( 1976) .
To determine the, amount of "C-ethanol that was incorporated into lipid, 25 larvae were homogenized in 0.2 ml of deionized water. The protein content was determined in an aliquot of this homogenate. The lipids were extracted from the remaining homogenate by the method of Folch et al. (1957) . The amount of label incorporated into lipid was determined by the liquid-scintillation methods of Geer and Downing (1972) .
Results
Feeding the larvae cyanamide resulted in a 40% reduction of the ADH activity in both Drosophila melanogaster and D. simulans, whereas the ALDH activities in the same larvae were reduced to 2% and 0.4%, respectively (table 1). The subsequent exposure of the D. simulans larvae to ethanol increased both ADH activities. The ADH activity of D. melanogaster larvae was only increased by dietary ethanol when larvae were preadministered the 0.3% sucrose-cyanamide diet. The corresponding ALDH activities of both strains were not significantly changed by ethanol when larvae were maintained on the 0.3% sucrose diet but were significantly altered when the two strains were preadministered the standard-cyanamide diet. The modulation of the ADH activity is dependent on the in vivo ethanol concentration in the larvae (McKechnie and Geer 1984; Geer et al. 1988; Kapoun et al. 1990 ). In contrast, restoration of ALDH activity is independent of the degradation of ethanol (Heinstra et al. 1989) .
The two Drosophila species exhibited a twofold difference in flux from ethanol to lipid when fed a 0.3% sucrose diet (table 2) . Prefeeding larvae cyanamide reduced the flux by only 10% in D. melanogaster larvae but lowered the flux by -50% in D. simulans. To ascertain whether the ethanol-to-lipid flux differences are correlated with the in vitro ADH and ALDH activities, the activities in larvae before the transfer to the ethanol medium and at the end of the ethanol feeding period were averaged. The average values were thought to be representative of the ADH and ALDH activities during the flux test periods. Because the enzyme activities changed simultaneously, the usual estimation of the "flux control coefficient" (Kacser and Porteous 1987) is not appropriate in the current study. Instead, a plane in three dimensions was used in which the control coefficients are estimated as a multiple regression of the type ln(flux) = a + b ln(ADH activity) + c ln(ALDH activity). Table 3 shows the statistical analysis of this regression. For the ADH enzyme the mean + SE flux control coefficient is deduced to be 0.86 f 0.12, whereas the corresponding value for ALDH is 0.02 Z!Z 0.07.
Discussion
As in the case of any inhibitor, there is some question about the specificity of cyanamide in these in vivo studies in Drosophila larvae. In a previous 14C-tracer study, dietary cyanamide did not'significantly alter the in vivo flux from glucose into lipid (Heinstra et al. 1989) . Since the glucose-to-lipid pathway and the ethanol-to-lipid pathway share the reactions that convert acetyl-CoA into lipid, it is unlikely that cyanamide alters one of the acetyl-CoA to lipids steps. Consequently, the in situ effect of cyanamide (or a derivative; see DeMaster et al. 1984; Svanas and Weiner 1985) probably is to inhibit enzymes involved in the conversion of ethanol to acetyl-CoA. These reactions are normally catalyzed by ADH, ALDH, and acetyl-CoA synthetase, respectively. In the metabolic control theory there are some assumptions that have to be met. First, the theory assumes that the concentration of the initial metabolite is constant, which reflects the steady-state situation (Heinrich and Rapoport 1974; Dykhuizen and Dean 1990) . The intake of alcohol depends on the feeding rates of Drosophila larvae (Heinstra et al. 1987) . No differences of intake rates were evident for the two sibling species, and their in vivo accumulation patterns for alcohols were similar (Heinstra et al. 1987 ). However, it should be borne in mind that such patterns of accumulation can be detected only when intake exceeds the in situ elimination of ethanol, implying that the ADH enzyme is fully saturated. By the metabolic control theory, enzyme activity should be measured as a function of the V,,,,,/K,,, values (e.g., see Middleton and Kacser 1983) . However, in the present study only maximum rates were measured. The Ka$etaldehyde and KEAD values of the ALDH enzyme for the two sibling Drosophila species have been shown to be very similar (Garcin et al. 1983) . The variations of the maximum velocities may be good indicators of V,,,,,/K, values for unsaturated ALDH in the two species. A similar argument can be made for the corresponding values for the ADH variants of the sibling species; the K~ha"o' and KzAD parameters are similar at presumed physiological conditions (Heinstra et al. 1988~) .
The general use of these V,,,,,/K, constants in flux studies may be questionable, because they are not necessarily equivalent to the k&K,,, specificity constants (Hall and Koehn 1983; Fersht 1985, pp. 84-102) . If the maximum velocity rates are normalized for total sample protein and not for the enzyme-protein ([&I) in question, misleading V,,,aJK,,, values in crude extracts may be obtained when different allozymes are compared-e.g., in the case of the kc, turnover numbers and the protein amount of various ADH allozymes, which are dissimilar (Heinstra et al. 19883) . Conversely, if an enzyme is saturated with substrate, as is the case here for Drosophila ADH, only  the true V,,,,, values [= k,, X [E,,) ] are of importance (Hall and Koehn 1983) , and the accompanying Michaelis constants for alcohol are not. These considerations are raised here to point both to certain aspects of the metabolic control models used and to the assumptions that are made, which do not always apply to complex living systems.
According to the metabolic control theory, the flux control coefficient of all the enzymes in a given biochemical pathway equals unity (for a recent review, see Kacser and Porteous 1987) . In any event, our combined data then suggest strongly that the larval ADH activity variation exerts almost complete control over the ethanol-to-lipid degradation pathway. Apparently, the ALDH enzyme exerts no control over this catabolic pathway, and its function in the detoxification of ethanol-derived acetaldehyde appears to be very limited in Drosophila larvae (Heinstra et al. 1989) .
In summary, our data indicate that variation in ADH activity in the two sibling Drosophila species significantly alters the flux through the ethanol degradation pathway. In a previous paper, differential intraspecies effects on fitness were monitored (Heinstra et al. 1987) ; they correlate well with the flux data in the present study. Consequently, natural selection may operate in this larval stage, in contrast with the adult situation (Middleton and Kacser 1983) . The general metabolism in larvae differs from that in the adult (Clark and Keith 1988) , providing one of the various plausible explanations for the fact that the significance of ADH in metabolic control in larvae is different than that which Middleton and Kacser (1983) have reported it to have in adults.
